INTRODUCTION
Nanomaterials are defined as products with at least one dimension less than 100 nm. A number of common products and processes currently use or produce nanomaterials. This increasing use of engineered nanoparticles in research and product development engenders a growing need to understand their properties and behaviors as well as the health, safety, and environmental impact of them in both their synthesized form and when they evolve through application or environmental interaction.
Millions of tonnes of such materials are entering the commercial market in products ranging from cosmetics, catalyst, semiconductors, fillers and drug carriers or as byproducts of human activity. Commercial nanoparticle-based products include titania nanoparticles for sunscreens, paints or self-cleaning windows, silica nanoparticles used as solid lubricants, protein-based nanomaterials for soaps and detergents, metal nanoparticles for environmental remediation, carbon nanoparticles for composites, and nanoparticles in electronic devices or pharmaceuticals. On the other hand, by-products in the form of nanoparticles typically come from emissions due to incomplete combustion of diesel fuel or nanosized minerals resulting from acid drainage in mining operations.
It is widely recognized that as particle size decreases to the nanometer scale, their physical and chemical properties differ from those shown in their bulk form. Because of their size and those unique physical and chemical properties, determination of nanomaterials represents a challenge. The increasing use of nanoparticles in industrial applications will inevitably lead to the release of such materials into the environment. Accurately assessing the environmental risks posed by nanoparticles requires using effective quantitative analytical methods to determine their mobility, reactivity, ecotoxicity and persistency, many of which have still to be developed. Moreover, their accumulation in the environment might have major implications for both human and environmental health. Studies have indicated that some nanomaterials can travel through the human body, deposit themselves in target organs and trigger injury to the cells; while other nanomaterials are being designed to enter the body in order to deliver drugs to a specific location.
Human exposure to nanoparticles has considerably increased due to anthropogenic activities dominated by coal and diesed oil fuel combustion. As example, Figure 1 shows the image of a metallic nanoparticle located in a liver cell (1). Furthermore, the exponential growth of nanotechnology is contributing with another source of aerial pollution via engineered nanomaterials. Not only the inhalation of nanoparticles, which nowadays is considered to be the most significant via of exposure to nanomaterials, but also the gradually more employment of nanoparticles in products such as cosmetics, deodorants, textiles, or even food is broadening the exposure to those materials. Consequently, there are being carried out several studies of the ecotoxicity of nanoparticles and the impact of them on human health since there are many medical advances that imply the use of nanoparticles. The possible secondary effects of their use are a controversial issue. Anyway, there is a lack of methods currently available to do reliable measurements in the presence of small particulate contaminations present in biological fluids.
Reliable methods of characterization of nanoparticles in biological fluids and tissues are necessary for development and use of precise drug delivery technologies with nanosized carriers. While more work was devoted to nanoparticles investigation in water suspensions, there is still a lack of characterization techniques in biological liquids and tissues.
Effectively monitoring nanoparticles in biological samples entails meeting several requirements. One is using analytical methods capable of detecting biologically relevant concentrations, and another is avoiding the potential interference of small particles present in biological fluids. A drawback associated with the determination of nanoparticles is the heterogeneous nature of biological fluids, such as serum, containing for example serum albumin, lipoproteins, inmuno-, γ-and macroglobulins, and oleic acid, which can give significant background signals, whereas sizing techniques based on conventional light scattering require minimum levels of background noise for generation of accurate results. This make necessary in most of the cases the extraction or separation of the nanoparticles from their matrix.
Type of nanoparticles
The general term nanoparticle (NP) is used to define any particle less than 100 nm in at least one dimension. Nanoparticles can be generally classified as natural, antrophogenic or engineered in origin.
Nanoparticles are naturally present in the environment, commonly formed as either weathering byproducts of minerals such as biogenic products of microbial activity, or by growth in super-saturated fluids. Many inorganic growth mechanisms are responsible for nanoparticle formation, for instance crystal growth, aggregation (2), and redoxtriggered crystallization based on changes in mineral solubility (3).
Natural nanoparticles can be biogenic, geogenic, atmospheric or pyrogenically produced. For example, there are fullerenes with interstellar origin that have been brought to earth by comets or asteroids (4), the majority is believed to have formed from polycylic aromatic hydrocarbons (PAH) derived from algal matter during metamorphosis at temperatures between 300 and 500 ºC and in the presence of elemental sulfur (5), or during natural combustion processes Figure 2 . Electron micrographs at different magnifications of a cell containing nanoparticles. Cells were exposed to nanoparticles for 24 h to gold nanoparticles. A) Image at 8000x magnification of a representative cell with nanoparticles subcellularly localized. The small box represents the area magnified in (B) image at 60000x magnification of gold nanoparticles within cells. The inset is a 150000x magnification of the gold nanoparticles. Reproduced with permission from (11) .
Inorganic NPs are present everywhere in soils and geologic systems (6, 7) . NPs are also ubiquitous aerosols in the atmosphere and they are precursors for the formation of larger particles, which are known to strongly influence global climate, atmospheric chemistry, the visibility and regional and global transport of pollutants (8) . Primary atmospheric NPs can be, for example, soil dust and sea salt, although the major mass fraction is composed of coarse particles. The average particle size of airborne mineral dust, based on mass, is between 2 and 5 mm. However, based on the number of particles, the average size is approximately 100 nm with a considerable number below this value (9).
Biogenic nanoparticles are sometimes formed directly by the organism as a metabolic requirement, such as the case of magnetite which is formed by a bacteria in response to a need of mobility (10); or indirectly as a result of the microbial activity. Nanocrystalline mineral phase may precipitate during the redox transformation of a metal induced by a microorganism. Other routes of mineralization are promotion by other metabolites or by microbial cell surfaces acting as organic templates. Anthropogenic nanoparticles are those which are unintentionally produced as by-product of the human activity. These nanoparticles can be also internalized in the cells (see Figure 2 ) (11). They are predominately combustion derived, formed by automobile exhaust gases or as consequence of the industrial fabric. Some of those combustion-derived nanoparticles, such as diesel exhaust particles, carbon black and fly ash are environmental hazards. Diesel exhaust particles account for up to 80% of the mass of PM10 collected in urban areas. They contain toxic metals and organics and this, in combination with their large surface area, leads to the production of reactive oxygen species. Carbon black is a low-solubility particle produced industrially from the incomplete thermal decomposition of hydrocarbons. Moreover, fly ash is a generic term for particulate matter from mineral and metal contaminants of organic fuels (12) .
Another class of unintentionally produced NP is composed of platinum and rhodium containing particles produced from automotive catalytic converters. Although most Pt and Rh are attached to coarser particles, about 17% was found to be associated with the finest aerosol fraction (<0.43 mm) (13) .
The design of novel NPs has been the basis of many advances in technology for the last decade. Nanoparticles can be produced by a huge range of procedures which can be grouped into top-down and bottom up strategies. Top-down approaches are defined as those by which NPs or well-organized assemblies are directly generated from bulk materials via the generation of isolated atoms by using various distribution techniques (14) . The majority of the top-down strategies involve physical methods such as milling or attrition, repeated quenching and photolithography (15) . Bottom-up strategies involve molecular components as starting materials linked with chemical reactions, nucleation and growth process to promote the formation of more complex clusters (16) .
Carbon nanotubes (CNT) represent one of the best examples of novel nanostructures derived by bottomup chemical synthesis approaches. Carbon nanotubes can be considered to be hollow graphitic nanomaterials comprising one (single-walled carbon nanotubes, SWNT) or multiple (multi-walled carbon nanotubes, MWNT) layers of graphene sheets. The lengths of the nanotubes can range from several hundred nanometers to several micrometers and the diameters from 0.2 to 2 nm for SWNT and from 2 to 100 nm for coaxial MWNT (17) . Depending on the synthesis method, the technique used for the separation from the amorphous by-products, subsequent cleaning steps, and finally different functionalizations, a variety of different CNT are obtained that have very different properties (18) . Most CNTs reported to date have been prepared by using arc discharge (19) , laser ablation (20) , or chemical vapor deposition (CVD) techniques (21) . The former two use a solid-state carbon precursor for nanotube growth. On the other hand, CVD uses hydrocarbon gases as sources for carbon atoms and metal catalyst particles as seeds for CNT growth.
The high potential of CNTs has promoted much study aimed at elucidating their properties (particularly those of SWNTs). Based on structure, CNTs possess nonpolar bonds and high aspect ratios (length to diameter ratio) and are thus insoluble in water. This results in the spontaneous aggregation of CNTs. This affinity to aggregation combined with their high flexibility increases the possibility of bundling and close packing (22) . As opposed to aqueous solutions, hydrophobic CNTs are expected to be wetted by organic solvents and, therefore, to assemble less in bundles and ropes. However, CNTs were shown to exhibit a sufficient solubility only in a limited number of solvents, such as dimethyl formamide, dimethyl acetamide, and dimethyl pyrrolidone (23) . Like other organic molecules, CNTs can be functionalized covalently (24) . SWNTs possess a good surface area to volume ratio and an excellent thermal stability in inert atmospheres. They also possess a π complex both above and below the plane containing the carbon atoms that is the origin of their high electron mobility and electrical conductivity (25) .
They present excellent plasticity and elasticity and the sharp tip of the end of a SWNT results in a locally boosted electrical field upon application of a potential.
Fullerenes are polyhedral carbon cages in which sp 2 carbons are bonded to three carbon neighbors in an arrangement of five-membered and six-membered rings (26) . C 60 has been extensively studied since its discovery in 1985, it present low electron delocalization over the spherical surface with a resonance structure, being a good electron acceptor, so it can form charge-transfer complexes with compounds with donor groups. A drawback is their low solubility in aqueous and organic solvents, which limit their applications and focus lot of research to functionalization (27) . Fullerenes have been proposed to be used in fullerene polymer combinations, as thin films, in electro-optical devices and in biological applications (28) .
Engineered inorganic NP also cover a broad range of substances including elemental metals, metal oxides and metal salts.
Colloidal gold nanoparticles have been used technologically since ancient times due to their optical properties, in particular for staining glass (29) . Gold spheres have a characteristic red color, which is due to the collective oscillation of the electrons in the conduction band, known as the surface Plasmon oscillation. The oscillation frequency is usually in the visible region for gold and silver giving rise to the strong surface plasmon resonance absorption. Therefore, the origins of properties on the nanoscale are different for metal nanoparticles than for semiconductor nanoparticles.
Many applications became possible due to the large enhancement of the surface electric field on the metal nanoparticles surface. The plasmon resonance absorption has an absorption coefficient orders of magnitude larger than strongly absorbing dyes. Anisotropic shapes have plasmon resonance absorptions that are even stronger, leading to increased detection sensitivity. Metal nanoparticles generate enhanced electromagnetic fields that affect the local environment.
Silver nanoparticles have been widely used as bactericide (30) , whereas gold nanoparticles are mainly used for optical sensors or to exploit its catalytic activity (31) . The use of nanoscale zero-valent iron for groundwater remediation ranks as the most widely investigated environmental nanotechnological application. Nanoparticles having magnetic properties are the most interesting in this field. To this end, metallic iron is very effective in degrading a wide variety of common contaminants such as chlorinated methanes, brominated methanes, trihalomethanes, chlorinated ethenes, chlorinates benzenes, other polychlorinated hydrocarbons, pesticides and dyes (32) .
Today, nanoparticulate metal oxides are among the most used NPs (33) . Bulk materials of TiO 2 , SiO 2 and aluminum and iron oxides have been produced for many years. However, recently they have also been manufactured in nano-sized form and have already entered the consumer market, e.g. ZnO in sunscreens (34) . TiO 2 NPs are widely used for applications such as photocatalysis, pigments and cosmetic additives. Two methods are commonly used to prepare oxide-based nanomaterials: stabilised precipitation and flame pyrolysis. (35, 36) . Nano-sized zeolites (37) , clays (38) and ceramics (39) are other NPs that have been proposed for various catalytic applications. Several noncarbon nanotubes have also been synthesized (40) , for example, TiO 2 .
Nanoparticles synthesized from organic polymers have gained widespread interest in medicine as carriers for drugs. The possibility to control size, surface charge, morphology and composition make polymers especially well suited for designing NPs with tailored properties based on selective recognition. These NPs are taken up by a wide variety of cells and are studied for their ability to cross the blood-brain barrier (41) .
Polymeric nanoparticles have also been developed and synthesized to be used in soil and groundwater remediation. For example, micelle like amphiphilic polyurethane particles have a hydrophilic outer side and a hydrophobic inner core and are therefore very well suited for the removal of hydrophobic pollutants (e.g. phenanthrene) from soils (42) . Another realted polymeric nanoscale material is dendrimers that function as watersoluble chelators (43) .
Metal and semiconductor nanoparticles in the 2-6 nm size range are of considerable current interest, not only because of their unique size-dependent properties but also because of their dimensional similarities with biological macromolecules (e.g. nucleic acids and proteins) (44) . These similarities could allow an integration of nanotechnology and biology, leading to major advances in medical diagnostics, targeted therapeutics, molecular biology and cell biology. Quantum dots (QDs) are inorganic semiconductor nanocrystals with interesting luminescent and electrochemical properties extensively used in numerous bioassays (45, 46) . These NPs show broad excitation profiles and narrow emission peaks and can emit in a range of wavelengths by changing their size and composition. Also, they lack photobleaching and have long fluorescence lifetimes. However, QDs can show blinking characteristics when they are excited with highintensity light, which could be a limiting factor for fastscan systems, such as flow cytometry. Other limitations are toxicity, size variation, agglomeration and non-specific binding. Surface oxidation of QDs can occur under combined exposure to aqueous/UV-light excitation, which can lead (e.g., in CdSe-based QDs) to the release of cadmium ions, so that these NPs are inadequate for in vivo applications, such as in vivo drug delivery assays. However, they offer better imaging results than those achieved by organic dyes in cell-based or tissue-based drug studies. Luminescence emission from QDs is detected at concentrations comparable to organic dyes by using conventional fluorescence methods, and individual QDs and QD-bioconjugates are easily observable by confocal microscopy (47) . In particular, CdSe-ZnS core-shell QDs exhibit size-dependent tunable photoluminescence (PL) with narrow emission bandwidths that span the visible spectrum and broad absorption spectra that allow simultaneous excitation of several particle sizes at a single wavelength (48) . These nanoparticles have a high quantum yield and a high resistance to photodegradation. Quantum dots have potential in biomedical applications, but concerns persist about their safety.
The particles can be further separated based on their chemical composition into carbon-containing and inorganic NPs. In fact, in order to describe the different approaches for the analysis of nanoparticles in this review we have distinct between metallic and metal oxide nanoparticles, carbon-based nanoparticles and nanodrug or nano food-additives.
Effects of nanoparticles in biological systems
Human exposure to nanoparticles is inevitable as they become more widely used. This has given rise to a new division of toxicology, namely "nanotoxicology", which involves the safety evaluation of engineered nanostructured and nanodevices. As it has been previously reported, human exposure is not limited to engineered nanoparticles, since there is anthrophogenic sources which unintentionally release nanoparticles to the environment, such as industrial activity or combustion processes. In contrast to nanoparticle exposure through use of consumer products (such as textiles, cosmetics, deodorants), emerging biomedical applications of nanoparticles as drugdelivery agents, biosensors, or imaging contrast agents involve direct ingestion or injection of nanoparticles into the body, therefore understanding the properties of nanoparticles and their effect on the body is crucial before clinical use can occur. A number of authors have reviewed characterization, fate, and toxicological information for nanomaterials and proposed research strategies for safety evaluation of nanomaterials. (49, 50) A factor influencing potential toxicity in the case of carbon nanoparticles is their complexity and variety in size, shape, charge, methods of production, chemical compositions, surface chemistry/functionalization, and aggregation tendency. Most practical carbon nanomaterial samples are highly complex, containing the desired structure (e.g. single-wall nanotubes) mixed with amorphous or graphitic nanoparticulate byproducts, other nanotube varieties, and metallic catalyst residues of unknown chemical form (metal, oxide, carbide), and in complex association with carbon (within nanotube cavities or as particles partially or wholly encapsulated by carbon shells). The toxicity indicators associated with any given material may just as well be related to these impurities as to the properties of the nanomaterials in question. The catalyst residues in vapor-grown carbon nanotubes include Fe, Ni, Co, and less often Y, Mo, and other metals, many of which would pose health risks of their own in the form of nanophase powders. Ideally toxicological assays would be accompanied by characterization of all the biologically relevant properties of these complex materials-size, shape, surface chemistry (hydrophobicity/philicity), and the amount, form, and encapsulation state of metals. Some of these properties can be measured by routine techniques (overall metal contents by atomic adsorption or emission techniques; size and shape by scanning and transmission electron microscopies) but others are not standard (surface chemistry, metal form and encapsulation) and require experts (51) .
Moreover, a given nanomaterial can be produced by different processes which lead to derivatives of the same material, for instance the case of SWNTs which have different physical-chemical properties, namely size, shape, composition and consequently different ecological and toxicological impact (52) . Alternative methods for measuring properties of nanomaterials may need to be developed both quickly and cost effectively.
Cytotoxicity studies (53) have demonstrated that in general cells can survive short-term exposure to low concentrations (<10 mg mL -1 ) of nanoparticles. It is important to remark that the effect is mainly produced by the small dimension of the nanoparticle that its nature. However, at high doses, several groups have found cytotoxic effects to emerge in a dose-and time-dependent manner for carbon-, metal-, and semiconductor-based nanoparticles. The generation of reactive oxygen species and the influence of cell internalization of nanoparticles are two common findings causes for the increase in cell death observed at higher concentrations and longer exposure times.
Gold nanoparticles have been reported to induce little toxicity, around 15% reduction in cell viability, at 200 mg mL -1 . (54-56) While higher concentrations could elicit a cytotoxic effect, many substances become toxic at high concentrations. Therefore, it may be reasonable to conclude that the results from cytotoxicity testing of other nanoparticle types suggest low toxicity if those results are similar for gold-nanoparticle solutions containing relatively the same size particles at the same concentration.
Many nanoparticles are not water soluble. However, the most important applications are performed in aqueous media. For that, the addition of a hydrophilic surface coating is required. However, as seen in MWNTs and QDs studies, adding certain hydrophilic molecules results in lower cell viability as the functional groups themselves were toxic (57) (58) (59) (60) . Although it is difficult to establish a general rule, surface charge also plays a role in toxicity with cationic surfaces being more toxic than anionic, and neutral surfaces being most biocompatible (61) because of the affinity of cationic particles to the negatively charged cell membrane. Therefore, adding a coating that makes the nanoparticle more cationic could make the nanoparticle appear more toxic than it inherently is.
Complexation of metallic nanomaterials may have important effects on biological availability and photochemical reactivity since it reduces the availability by reducing free metal ion concentrations and dissolved metal, for instance iron, which is quantitatively complexed by organic ligands. Solar UV radiation can also interact with these processes through photoreactions of the complexes. (62) Particle aggregation has also been suggested to be a factor in nanoparticle cytotoxicity. Wick et al. aimed to determine how agglomeration influenced SWNT cytotoxicity and (63) find that aggregation occurred in all SWNT fractions except the well-dispersed SWNT bundles. Correspondingly, the SWNT bundles did not induce adverse cellular effects, and as this was the only solution where agglomerates were not formed, this corroborates the hypothesis that SWNT agglomeration leads to cytotoxic effects. However, an earlier study by Tian et al., testing an unrefined SWNT solution and a SWNT solution with the metal catalysts removed, found lower cytotoxicity with the unrefined SWNTs (64) which was proposed to be a result of their aggregation into larger, and therefore less toxic, particles. This contradicts the reasoning of Wick et al., so the effect of SWNT aggregation is still questionable.
TOOLS FOR THE ANALYSIS OF NANOPARTICLES IN BIOLOGICAL SAMPLES.
In spite of the increase in the use of nanoparticles, there are still few analytic methods for their quantification in environmental or biological matrix due to their unique physic and chemical properties. Their capacity to form colloidal phases and aggregates, their different ad-and absorption characteristics and their shape and size variety make difficult their quantification.
It is necessary to consider features of biological samples, connected with presence of macromolecules, having the sizes compared with investigated nanoparticles, and various effects of interaction of these particles with the components of biological sample.
Considering the complexicity of biological samples as well as the number of potential interferences and the number of interactions that can be established between the nanoparticles and the sample, liquid-liquid extraction techniques are the most usefulness. The excess of the solvent and chelating agent helps to break the interactions of nanoparticles with biomolecules. To this end, the uses of ionic liquids have been recently proposed for the analysis of gold nanoparticles in tissues. The ionic liquids, especially those derivates from imidazolium groups have a high affinity to interact and solubilize nanoparticles. Preliminary results obtained in our group of research point out that the BMIN-PF 6 can extract gold nanoparticles from liver tissue homogenates. The nanoparticles were directly quantified in the IL by spectrometry and Raman spectroscopy. Other sample treatment systems involve the use of surfactants. Supramolecular complexes of surfactant also have a high tendency to extract nanoparticles from aqueous systems.
There is no doubt that sample treatment is a key step in the analysis of biological samples for the analysis of nanoparticles because sample treatment need to provide selectivity in addition to a high capacity to preconcentrate the nanoparticles. In addition to liquid-liquid extraction other treatments such as centrifugation, dielectrophoresis or field flow fractionation have been also applied. In general, it must be point out that these techniques have been applied to the study the interaction of nanoparticles with biomolecules in order to determine and characterize the interaction established between the nanoparticle and the biomolecule. Although these techniques are a good alternative to analyse simple systems, there are not a real alternative for the analysis of complex biological samples. The most reliable attempt to extract and precontrate nanoparticles based on solid phase extraction is with the use of modified filters based on carbon nanotubes. The modified filters have a high capacity to absorb carbon nanotubes. This methodology has been applied to the precocentration of soluble carboxylic carbon nanotubes from waste water (65) . It will be also applicable to biological samples, but for that it is necessary the addition of chelating agents to avoid and minimize the interaction of nanoparticles with biomolecules.
A large number of detection techniques have been applied to the analysis of nanoparticles, some of them focus on the assessment of its toxicity (66) . A general overview in presented in Figure 3 . In general three groups can be distinguished:
i. Microscopic techniques ii. Spectroscopic techniques iii. Electrochemical techniques In general, it can be affirmed that for the detailed characterization of nanoparticles or nanobjectes in general such as subcellular compartments, and other very small biological structures, there is a currently lack of methods for chemical diagnostics and characterization, in particular of the molecular composition. Traditional methods with nanoscale lateral resolution (viz, standard atomic force microscopy, scanning tunneling microscopy and electron microscopy) typically yield very little or no chemical information, whereas traditional methods for the chemical analysis (for example, mass spectrometry, spectrochemical analysis performed with microscope, etc.) are in many cases far from achieving nanoscale lateral resolution.
Microscopy-based techniques capable of analysing nanoparticles include the well-known scanning and transmission electron microscopy (SEM and TEM) and atomic force microscopy (AFM) of the group of scanning probe microscopes. (67) These techniques allow exact information about type and characteristics (shape, size, etc) however one of their most important shortcomings is the low representativity of the results due to the small sample volume that are analysed. Besides, sample preparation involves drying, which might result in aggregation of the sample and thus a false representation of the sample size in tissue. As well, inference of the three-dimensional structure from two-dimensional images is very difficult (68), but can be accomplished in some cases with stereological transformation (69) . Eventually, in-situ 3D characterization should be possible by nano-coupled tomography (70) . As advantage, by using classifical sample treatments applied to tissues it is possible to analyse biological samples. Although this technique can be applied to a wide number of nanoparticles, its use due to resolution capacity is mainly limited to the analysis of metallic nanoparticles. Because metals scatter light efficiently, electron microscopy is the technique of choice for physical characterization of colloidal gold nanoparticles. (71) However, many biological compounds (e.g., proteins) are invisible to TEM without heavy metal staining procedures, because these compounds do not sufficiently deflect an electron beam. Atomic force microscopy (AFM) relies on tapping a particle (either in solution or dried to a surface) and so has limited resolution of flexible compounds (e.g., proteins), which may move under the force applied by the instrument tip. Their use for the analysis of carbon nanoparticles in biosamples such as tissue is limited. Apart from providing information on particle aggregation, dispersion, size, structure and shape, for additional elemental information can be obtained by coupling EMs to energy-dispersive spectrometry (EDS), which was employed to confirm the presence of silver nanoparticles within cells (72) or to electron energy loss spectrometry (EELS), used in conjunction with TEM for elemental confirmation of carbon nanotube uptake (73) . The combination of these techniques is indispensable when it comes to the characterization of nanoparticles and other nano-structured materials.
Spectroscopic techniques involve a large number of techniques: UV/Vis techniques, fluorescence techniques, NIR-fluorescence, infrared spectroscopy and Raman spectroscopy. These techniques provide a large level of information about nanoparticles. UV/Vis and fluorescence spectroscopy are the most useful for the analysis of metallic, oxide derivates and semimetallic nanoparticles. Fluorescence spectroscopy is useful in both the quantitative assessment of nanoparticle uptake as well as the qualitative assessment of nanoparticle localization. Quantitative assessment can be achieved through use of bulk fluorescence (74) or on a cell-to-cell basis using confocal fluorescence. (75) Non-natively fluorescent nanostructures can still be evaluated using fluorescence methods after applying one of many available labeling techniques in order to study the uptake in toxicological assays, although in the case of natural samples there is no a label that allows their detection. These studies also require additional control experiments to account for effects of the fluorescent surface dyes or incorporated species.
Contrary, Raman spectroscopy is the most important technique for the analysis of carbon nanoparticles. Figure 4 shows the characteristic spectrum of singlewalled and multiwalled carbon nanotubes. The spectrum reported is characteristic of the nanoparticle and its intensity can be related with concentration. Information about interaction and state of aggregation can be also obtained from the spectrum. In the case of single walled carbon nanotubes NIR-fluorescence is a technique with a high capacity to classify the nanoparticles according its chirality (see Figure 5) . (76) Optical-spectral methods are rather informative and practical for nanoparticles characterization. Good representativity of sample, simplicity of sample preparation, high productivity of analysis and opportunity of its automation, price availability of measurement instruments are among the advantages of these methods. The majority of opticalspectral techniques also give the opportunity to measure nanoparticles parameters directly in a liquid. In a number of cases it is necessary to process the results received by optical-spectral methods together with the data of high resolution microscopy.
Sizing of nanoparticles can be done using methods such as scanning and transmission electron microscopy, dynamic light scattering, and size-exclusion chromatography; however, the size values obtained can vary between these methods. A standard technique for measuring and reporting the hydrodynamic sizes of nanoparticles would be valuable. Available technologies for the size fractionation and collection of nanoparticle fractions in liquid mediums include the above mentioned size-exclusion chromatography as well as ultrafiltration and field flow fractionation (77). Field-flow fractionation (FFF) is a high-resolution method that can be an ideal candidate for direct separation, detection, and size characterization of nanoparticles in biological samples, because it allows for the separation of nanoparticles in a liquid matrix of desired composition and as a separation technique, provides a size distribution instead of an average value. FFF has been widely used to separate carbon nanotubes (78), particles (79), cells, bacteria, viruses, and natural organic matter. Unlabeled inorganic nanoparticles extracted from biological media have been characterized, separated and quantified by this technique (80) . Probably, the most important shortcoming of this technique is the need of standards to calibrate the FFF equipment. The use of polymeric nanoparticles is the most useful approximation described to data. On-line particle size analysis in liquid mediums can be done using dynamic light scattering to obtain a particle size distribution (81) . Because dynamic light scattering (DLS) measures hydrodynamic diameter, it provides a fundamentally different measure of particle size from TEM or AFM. DLS is very sensitive to "soft" flexible biological molecules such as polymers, proteins, and antibodies because they cause significant frictional drag (82) , which can dramatically influence the rate of the particle's motion under Brownian diffusion. DLS is therefore appropriate for measurement of the hydrodynamic size of protein bound nanoparticles. Complementary size characterization by TEM and AFM can be useful in resolving ambiguities due to the different measurement techniques. For example, the DLS-measured size may be influenced by particle agglomeration, and further analysis by TEM is required to ensure that the DLS-measured sizes represent primary particle size (i.e., discrete particle size), and not the size of an agglomerate. (83) For polydispersed samples, the task is more difficult, since the signal intensity has a power relationship with size and the average size can be overestimated if some larger particles exist in the sample. Therefore, although DLS is a common method for measuring nanoparticle size ex-situ, it is not appropriate for nanoparticle analysis in-situ or in a digested biological sample, because of the multiple scattering issues.
Since many nanomaterials are constructed of materials not found natively in the body, uptake of these nanomaterials can be quantified by determining the mass or concentration of these non-native elements within cells. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) is a powerful technique for the quantification of internalized nanoparticle (NP) elemental composition (84, 85) and has been used to quantify nanoparticle uptake.
Advantages of ICP-AES are sub-ppb detection limits, high precision, and a dynamic range of five orders of magnitude or more. But this technique is limited in biologica systems to metallic nanoparticles since it is unable to characterize the uptake of carbonaceous nanoparticles (e.g. polymeric NPs and carbon nanotubes) because it cannot distinguish between cellular and nanoparticle sources of carbon. It also cannot differentiate between elements confined within the nanostructure and solvated ions that had leached from the nanomaterial as well as spatial information about the location of nanoparticles. In addition, conversion of the ICP-AES measurement to standard nanoparticle dosing units requires a well-characterized crystalline lattice and nanoparticle monodispersity as well as the assumption that the nanostructure does not change upon exposure to the cellular environment. Using similar procedures, samples can be also analyzed by ICP-MS. Mass spectrometry is a detector with a higher sensitivity than the optical emission spectroscopy (OES). In addition to its higher sensitivity, MS detectors can analyze isotopes and can perform multianalysis in a simple run. Furthermore, single-particle laser microprobe mass spectrometry (LAMMS) can provide chemical composition data on single particles from a collected fraction. (86) Determining the concentration of nanoparticles in solution is more difficult. Concentration can be calculated from the optical density using the Beer-Lambert law given the extinction coefficient of the nanoparticle. However, as Yu et al. point out, the extinction-coefficient values published for quantum dots differ between groups by an order of magnitude (87) . Cryogenic TEM was used as an alternative method of determining concentration. This method involves direct counting of particles in a relatively fixed volume. As concentration or dose plays a significant role in biomedical applications of nanoparticles, having a standard technique of calculating this value is important.
After this general overview, below several examples of the analysis of different types of nanoparticles in biological matrices are described. In order to facilitate the text to readers, the examples have been classified according to the nature of the nanoparticle because it is clearer than a classification based on the detection system.
ANALYSIS OF METALLIC OXIDES AND METALLIC NANOPARTICLES
While a lot of work was devoted to nanoparticles investigation in water suspensions, development of nanoparticles characterization techniques in biological liquids and tissues began more recently. Typically nanoparticles can be detected in cells and tissues, if they have been labeled with radioactive (88), magnetic (89), or fluorescent markers (90) . However, the inorganic nanosized powders being produced as bulk chemicals or the ultrafine particles produced by combustion processes do not have a convenient label that allows for their detection. As well, discrimination between nanoparticles, sub-micron particles, and soluble species with the same nominal elemental composition is a very difficult task. This complexity in detection and characterization of unlabeled nanoparticles in biological systems poses a major limitation for current research on environmental and occupational health effects of nanoparticles.
An example of the determination of labeled nanoparticles is the use of fluorescent silica-capped NPs containing a CdSe-CdS core for the study of uptake and loss of these silica nanoparticles in living human lung epithelial cells (91) . A number of other luminescent silica NPs have been employed for labeling, and as long as there is not leakage of luminescent materials from the NPs, they have been shown to be compatible for in vitro testing. Examples of them are fluorescein isothiocyanate (FITC) in silica (92), FITC-silica coatings for iron oxide NPs (93) , and encapsulation of other organic fluorophores for two-photon-fluorescence imaging (94) .
A rapid, high-resolution methodology for characterization, separation, and quantification of unlabeled inorganic nanoparticles extracted from biological media, based on sedimentation filed-flow fractionation and light scattering detection (80) have been developed. Silica nanoparticles were added to human endothelial cell lysate and rat lung tissue homogenate and incubated. The nanoparticles were extracted by acid digestion with nitric acid and then separated and characterized by sedimentation field-flow fractionation. Fraction collected at the peak maxima was analyzed by transmission electron microscopy (TEM) to verify their size and shape. It was found a linear relationship between the particle number and the area under the fractogram.
Many techniques have been used to identify and characterize natural inorganic NPs (95) . The ones most often used are transmission electron microscopy and scanning probe microscopy; images of individual NP can be obtained with both techniques. However, only a minute fraction of material is characterized, which means that it can be extremely difficult to ensure that a representative sample is examined. Elemental analysis methods such as Atomic Absorption Spectroscopy (AAS) or Mass spectrometry (MS) can quantify nonlabeled nanoparticles, but do not provide direct information on the primary particle size or aggregation state. Besides, sample preparation can involve drying, which might result in aggregation of the sample and thus a false representation of the sample size in tissue.
Dynamic light scattering is another common method for the size characterization of nanoparticles, although may be not appropriate for in-situ measurements or in a digested biological sample, because of the multiple scattering issues. (96) The heterogeneous nature of fluid such as serum can give rise to significant background signals. Moreover, samples of polymer/DNA complexes are typically dilute in nature and often contain large fractions of free polymer (97) , which can interact with serum proteins and form aggregates that strongly interfere with size measurements by conventional light scattering techniques (98) . However, Xie et al. (99) have developed a quantitative method for the estimation of gold nanoshell concentrations in whole blood and estimate the actual delivered dose of intravenously injected nanoparticles using dynamic light scattering. Triton X-100 was added to blood samples containing gold nanoshells to act as a quantitative scattering standard and blood lysing agent. Au nanoshells are similar in size and shape to other types of nanoparticles delivered intravascularly in biomedical applications, and given the pervasiveness of DLS in nanoscale particle manufacturing, this simple technique should have wide applicability toward estimating the circulation tie of other solid nanoparticles. It has some limitations; one is that it is critical that the nanoparticles solution of interest remain unaggregated, because only separate, unattached particles will produce a scattering profile identical to the stock particles enabling concentration calibration. For in vivo oncology applications, however, this is often the goal for therapeutic reasons, and this technique primarily quantitates individual nanoparticles that remain in circulation and that are expected to produce a sizedependent accumulation. Also, the use of surfactant Triton X-100 may limit the protocol to solid nanoparticles. Micellular or liposomal systems may be subject to breakdown or aggregation in the presence of this agent, rendering further analysis useless.
Dynamic light scattering has been also employed to evaluate secondary TiO 2 nanoparticles size for in vitro toxicity assessment (100). However, when using DLS to determine the hydrodynamic diameter of the nanoparticles in a biological media, it must be taken in account the fact that for example citrate-stabilized gold colloids in the bloodstream are quickly coated by serum proteins. Dobrovolskaia et al. (101) demonstrated that after incubation with plasma the intensity-weighted average particle diameters increased, and trypsin digestion of the particle-bound plasma proteins returns the colloids to approximately their pre-incubation sizes. This measurement can also be influenced by particle agglomeration, so TEM or AFM measurements are useful to determine if the increase could be attributed to a change in agglomeration state.
Optical-Spectral methods have been useful for the characterization of nanoparticles in biological fluids and tissues. Absorbance spectroscopy and resonant light scattering spectroscopy were used for determination of nanoparticles number concentration. Gold nanoparticles surface plasmon resonance peaks are clearly visible on absorption and scattering spectra. Levin and coworkers from the Russian Scientific Research Institute for Optical and Physical Measurements in 2009 in the International Nanotechnology Forum Rusnanotech presented an overview on the characterization of nanoparticles in biological fluids and tissues with optical methods. Concretely, they executed measurements for nanoparticles suspensions in water, phosphatic buffer solution (PBS), whole blood and plasma. Directy before measurement the filtration of solution through membrane filters with pore size about 0,2 microns was made. It was necessary to exclude light scattering on red blood cells, for this purpose lysis of red blood cells was made by dilution of blood with surfactant Triton X-100.
In order to know NPs penetration efficiency through biological barriers it is necessary to define their concentration in organs and tissues. A possible method in this case is atomic absorption spectrometry with electrothermal atomization. Such approach is possible, if nanoparticle's composition includes even one of elements, containing in organism not more then on trace level. Penetration of gold nanoparticles through skin of laboratory animals was investigated. Samples of liver and spleen from rats were subjected by autoclave mineralization and gold concentration in mineralized solution was measured using atomic absorption spectrometer with electrothermal atomization.
Electrothermal atomic absorption spectrometry (GFAAS) with Zeeman background correction has been used to measure the Ag concentration permeated through human abdominal full thickness skin (102) . Experiments were performed using the Franz diffusion cell method with intact and damaged human skin. Physiological solution was used as receiving phase and silver nanoparticles coated with polyvinylpirrolidone dispersed in synthetic sweat were applied as donor phase to the outer surface of the skin for 24 h. The receptor fluid measurements were performed by electro thermal atomic absorption spectroscopy (ETAAS). Human skin penetration was also determined by using transmission electron microscope (TEM) to verify the location of silver nanoparticles in exposed membranes.
Electrophoretic methods, both gel and capillary electrophoresis are being widely employed for separation of nanoparticles mainly as a function of their size, but in case of functionalized nanoparticles, the charge and pKa of the group attached to the NPs plays an important role in their separation. It has been also report the suitability of CE for the separation of metallic nanoparticles such as Au (106) (107) (108) (109) (110) (111) (117, 118) .
Flow cytometry allows high-resolution size distribution analysis of multimodal populations of nanoparticles directly in biological fluids and a proof of principle for preparative fractionation of polydisperse samples in the submicron range. Flow cytometry integrates light scattering and fluorescence measurements to gather information regarding size, shape, morphology of cells, which are their originally target analytes, although recently this technique have been exploited to study submicron matter, including unilamellar synthetic vesicles, liposomes, viral particles and nucleic acid containing nanoparticles (119) . It is also possible to correlate nanoparticle counting directly with cell numbers or sort cells based on nanoparticle uptake using a flow cytometry technique such as fluorescence-activated cell sorting (FACS). (120) Inductively coupled plasma mass spectrometry (ICP-MS) have been also employed to measure quantitatively the presence of gold distribution in rats (121) . Gold suspensions were diluted by adding phosphate buffered saline in order to obtain a physiological solution for intravenous injection. One mL of each freshly prepared solution was injected in the tail vein. At 24 h after injection, blood and the following organs were collected: adrenals, aorta, brain, heart, kidney, liver, lung, lymph nodes (mesenteric and popliteal), spleen, testis, thymus, and vena cava. Organs were weighed, and tissue samples were homogenized and frozen for determination of gold content by inductively coupled plasma mass spectrometry (ICP-MS).
Many in vitro nanotoxicity studies have used ICP-AES to assess nanoparticle uptake of gold, (122, 123, 124) , cerium-oxide (125) , and iron-oxide nanomaterials (126) among others. Generally, sample preparation includes isolation of cells from culture media followed by acidic sample digestion before dilution and ICP-AES analysis. In some instances, the mass concentrations obtained from ICP-AES are converted into nanoparticle numbers after estimating the mass of a single nanoparticle using the atomic weight, the crystal lattice unit length and the welldefined geometry of the nanoparticle. (127) The inherent fluorescent properties of some nanoparticles allow for facile analysis of uptake such as the recently reported uptake of quantum dots (QDs) by stem cells. (128) Recent advances in confocal light collection, such as spinning-disk confocal microscopy, can be used to monitor the trafficking of quantum dot trajectories (129) within cells with sub-second time resolution.
ANALYSIS OF CARBON NANOPARTICLES
In this section we will focus mainly in the analysis of fullerenes and carbon nanotubes since they are the most used carbon-based nanoparticles. Both carbon nanotubes and fullerenes are poor soluble in water, however, nanoparticles of the fullerene aggregates can be prepared in water solutions and carbon nanotubes are dispersed in water in the presence of surfactants. The concentrations of these nanoparticles in biological media as consequence of systemic exposure could be very low, so trace analysis will be required in order to develop toxicological studies of the nanomaterials.
While a range of methods is accessible for detection and characterization of nanomaterials, a number of challenges will arise when analyzing these materials in biological matrices due to the analytical artifacts caused by sample preparation, lack of reference materials and the matrix of the sample. Few methods have been reported.
One of the proposed methods for trace analysis of fullerenes in biological samples is a simplified liquid-liquid extraction (LLE) prior to high-performance liquid chromatography (130) . LLE is a usually choice in method development for complicated biological samples, although it has a longstanding problem, emulsion. Xia et al. have demonstrated that the conventional LLE protocols could not be used for trace analysis of fullerenes in biological samples. The large amounts of proteins, lipids and surfactants in the biological samples would create a heavy emulsion that will interfere with the extraction. The emulsion problem is overcome by adding glacial acetic acid in order to solubilize the proteins and surfactants without causing significative analyte losses. Magnesium perchlorate was used to destabilize the nano-C 60 particles in the water solution and promoted the solvent extraction since it is known that nano-C 60 in water is difficult to be extracted back into the toluene phase. They found a serious drop in extraction efficiency at low concentrations. Several reasons could cause this problem including protein adsorption, glassware adsorption, or reconstitution loss. The glassware adsorption could cause analyte loss and extraction efficiency drop in trace analysis of small chemicals. Deactivation of the glassware is a routine practice to reduce the analyte loss. It was observed that glassware silanization only provided limited improvement. The extraction efficiency drop could be due to the C 60 adsorption to the glassware or aggregation during dryness evaporation, which could not be re-dissolved into toluene even under the sonication. The procedures of evaporation to dryness and reconstitution with a solvent are routine practice in chemical analysis; however, it cannot be used for trace analysis of fullerenes in biological and environmental samples. This method was evaluated with samples of BSA media and porcine plasma.
Quantification of C 60 can be performed by UV-vis measurements for high concentrations, with absorption bands of C 60 are located at 336, 407, 540, and 595 nm. HPLC is used for the detection of low concentrations of C 60 (131) but also a method for the direct analysis by electrospray time-of-flight mass spectrometry has been developed (132) .
Optical spectroscopies are particularly useful for the analysis of homogeneous samples containing one type of nanoparticles. However, samples subjected to the analysis are often composed of populations of polydispersed nanoparticles. Often it is necessary to study parameters such as size, shape and surface modification. If separation of subpopulations of nanoparticles present in the sample is required, application of techniques such as chromatography or electrophoresis should be considered (133) . For example, fullerenes can readily be separated and quantified by LC coupled to ESI-MS (134) .
Electrophoresis has been also employed for the separation of single-walled carbon nanotubes, based on tube length (135), or diameter-selective CE separation for bundle and individual carbon nanotubes (136) . Gel electrophoresis has been useful for the separation of Nucleic acid-carbon nanotube complexes (137) . Recently, Wang et al. (138) have developed a method to measure the concentration of SWNTs extracted from biological tissue. They employed polyacrylamide gel electrophoresis (PAGE) followed by quantification of SWNT bands by measure of the intensity from digitized images of these bands, which showed to be proportional to the amount of SWNTs loaded onto the gel. Normal rat kidney cells in culture were allowed to take up SWNTs upon exposure to medium containing various concentrations of BSA-SWNTs for different times and temperatures. When BSA-SWNT dispersions were subjected to sodium dodecyl sulfate (SDS)-PAGE, BSA passed through the stacking gel, entered the resolving gel, and migrated towards the anode; however, SWNTs accumulated in a sharp band at the interface between the loading wall and the stacking gel.
It has been also demonstrated the suitability of the combination of capillary electrophoresis with Raman spectroscopy or with scanning probe microscopy for individual single-walled carbon nanotube analysis (139) . This system could be applied to the characterization of nanoparticles extracted from biological samples.
CNT quantification is normally performed by UV-vis spectrometry at high concentrations (140, 141) . CNT show strong absorption in the UV and visible region with peaks at 253 nm, 266 nm, 350 nm and strong absorption extending up to 1200 nm (142) . Wrapping of CNT with conventional fluorophores, fluorescent polymers or with DNA-oligonucleotides allowed their detection in biomedical applications. SEC with UV-detection was used for the separation of CNT from impurities and amorphous carbon.
A work evaluated extraction of carboxylic CNTs from surface water using a filter modified with MWCNTs as a preconcentrator (65) . To prepare the filters, a dispersion of MWCNTs prepared in Triton X100 was filtered through a nylon filter with a pore size of 0.45 µm. They were then washed with methanol and dried under air stream. MWCNTs can interact with SWCNTs through π-π interactions, showing a high capacity to adsorb SWCNTs. Similar methodologies can be adapted to be applied to biological samples.
ANALYSIS OF NANODRUG AND NANO FOOD-ADDITIVES
Two aspects of nanotoxicology should be mentioned, which concerns the safety of nanodrugs. First, the patients will use the nanodrug particles, and it explains the need to examine their toxic profile not only in healthy organism, but also on animal models of particular diseases. Second, the wide spread of the genetic polymorphisms in human population suggests that some part of this population can be extremely sensitive to the action of nanoparticles (143). This hypothesis agrees with the preliminary data on the role of oxidative stress in the realization of the toxic effects of nanoparticles and genetically determined heterogeneity of the antioxidant and other protective systems (144).
FUTURE TRENDS
One challenge for analytical chemists is the area of nanoparticle characterization. Firstly, most of the current techniques used for physical nanoparticle characterization provide only limited information before or after engineered nanoparticles are in the biological environment. Next years, it is expected to develop new methods to extract and preconcentrate the nanoparticles from the biological matrix before their physic-chemical characterization. Electron microscopy, scanning probe microscopy, and dynamic light scattering are techniques commonly used for this purpose, which reveal nanoparticle size and distribution but give no information about aggregation/agglomeration that may occur within the biological environment, adsorption of biomolecules, or degradation of the nanoparticle itself (biotransformation), all of which may change during residence within the biological system and would greatly influence nanoparticle uptake and/or behavior. These concerns suggest the future development of a new area among the field of nanotoxicology, which could be called as "nanomaterial speciation". It will be focus in the determination of the nanoparticles taking into account their possible biotransformation. So, it is expected that nanoparticles having different biocoatings will have different effects from the toxicological point of view.
